We present the angular-resolved intensity noise characteristics of a resonant-cavity light-emitting diode under quiet pumping conditions. Measurements by a sensitivity-enhanced lock-in amplifier detection scheme yielded a spatial anticorrelation between the intensity noise of the central and peripheral parts of the emitted far field. Proposals for possible explanations of this anticorrelation from a semiconductor emitter point of view and its consequences for applications in quantum optical imaging are discussed.
The research on spatially quantum correlated optical beams represents an actual topic of quantum optics, for which pioneering theoretical work has always been the driving force. 1, 2 Experimentally, only recently the first achievements have been obtained with the powerful tool of nonlinear optical processes, in particular, with parametric downconversion in which spatially and temporally quantum correlated twin photons have been generated. 3 -5 Another possible experimental approach to sub-shot-noise emission might be use of semiconductor laser devices, 6 -9 in particular, vertical-cavity surface-emitting lasers, which exhibit extremely interesting spatial noise properties, 7, 10 even if the complex noise behavior sets a limit on the accessible sub-shot-noise level, and the study of the noise behavior's relevant mechanisms is still currently a field of intense research. 11 -14 In contrast to these obvious problems of laser devices, squeezed-light emission has been observed rather simply in light-emitting diodes and results in sub-shot-noise emission of as much as 23.5 dB at low temperature. 15, 16 The advantage of using light-emitting diodes, that squeezing is quasiimmune to deterioration by interactions of spectral and polarization modes, is balanced by the presence of a wide-aperture emission angle that is related to the spatially incoherent beam. This obvious disadvantage is at least mitigated in resonant-cavity light-emitting diodes 17 (RCLEDs), in which narrow spatial and spectral emission occurs. 18, 19 Therefore we consider semiconductor optoelectronic emitters as promising for the generation of nonclassical states of light and consider here in particular RCLEDs, whose quantum noise behavior has not yet been exploited.
We have investigated the intensity noise properties of RCLEDs, and we found that the intensity noise normalized to the shot noise was distinctly different when we collected the total beam from that when we collected the central part or the peripheral part of the emitted far f ield. The correlation coeff icient between the central part and the peripheral part of the emitted far f ield was determined to be 20.03, whereas no significant correlation was found between the two halves of the beam. This result demonstrates that in fact a new yet-unknown type of quantum correlation exists in semiconductor devices and that RCLEDs can be considered sources of spatially correlated photons. However, improvements in the amount of correlation and a better understanding of the mechanism that is responsible for it are still required.
The RCLED that we investigated, which was provided by Osram Opto Semiconductors, is a structure consisting of f ive undoped quantum wells within a 1l cavity def ined by two distributed Bragg ref lectors. The emission wavelength was 650 nm, and the emitting round aperture of 80-mm diameter was def ined by ion implantation. 20 The quantum efficiency measured with an integrating sphere was 9.5%.
The experimental setup is based on lock-in amplifier-enhanced direct detection of noise. 12 Shot-noise calibration with a halogen lamp showed excellent linear dependence on the incident light power from 10 mW to 1 mW, demonstrating both the required sensitivity as well as the shot noise that is characteristic of a halogen lamp. The RCLED is driven by a homemade ultralow-noise battery current source. The noise of the emitted light (within a frequency from 20 to 25 MHz) was measured either directly (face-to-face coupling) or after collimation with aspheric lenses of various apertures by a high quantum efficiency P-I -N photodiode. Figure 1 presents the angular-resolved noise normalized to the shot noise measured with a detector aperture of 5 mm 3 5 mm and a distance of 4 mm between the RCLED and the detector (inset) and the emission wavelength, both as a function of detection angle. We found a spatially homogeneous, isotropic noise: No significant dependence of the intensitynormalized noise on the emission angle was found. However, an indication for aperture-dependent intensity noise is clearly seen if the noise normalized to the shot noise is measured as a function of the distance between the RCLED and the detector for a constant detector diameter. The intensity noise normalized to the shot noise increased by 0.3 dB when the distance was increased from 1 to 10 mm. The smaller the fraction of the measured intensity relative to the total emission, the stronger the noise. This Fig. 2 , where a direct face-to-face coupling result with an approximate solid angle of 2p that corresponds to a NA of 1 is shown for comparison. We found that noise with apertures smaller than 1 is always larger than that for NA 1 and that the noise is largest for the smallest aperture: The larger the solid angle of detection, the smaller the measured normalized noise. This result is consistent with a measurement in which we varied the solid angle of detection by varying the distance between the RCLED and the detector. Both results require the existence of anticorrelation among the spatial emission cones. Measuring the noise between beam halves by introducing a razor blade into a beam showed no significant difference between the normalized noise of the half beam and that of the total beam. Therefore anticorrelations between arbitrarily chosen beam halves can be excluded. To measure more quantitatively the correlation between different beam cones, we investigated a collimated beam of 8.5-mm diameter by introducing selectively shaped beam stops. We measured the peripheral beam by blocking the central beam with a circular 4-mmdiameter beam stop. We experimentally def ined the central beam by introducing a 4-mm-diameter aperture. The addition of central and peripheral beams resulted in the total beam. The noise normalized to the photocurrent for the full beam prof ile, the central beam, and the peripheral beam as functions of the injection current is depicted in Fig. 3 . The normalized noise of the central and peripheral beams nearly coincides and always lies above the noise of the full beam. These noise levels imply the existence of an anticorrelation because the full beam intensity is the sum of the intensity of the central and the peripheral beams. From these results we calculated normalized correlation coefficient C between the noise of the central and the peripheral beams from the absolute noise power of the total emission S full and of the two individual noise powers of the peripheral beam S periph and of the central beam S central as
where dI are the variances of the measured light intensities. For perfect correlation, C 1, whereas for perfect anticorrelation C 21. Correlation coeff icient C is depicted in Fig. 4 for several injection currents. We have also plotted in Fig. 4 the correlation coefficient for the noise between the full beam and the half beam. The correlation coeff icient between the peripheral beam and the central beam that we obtained is negative for all injection currents, which means that their f luctuations exhibit a weak, but significant, anticorrelation, whereas the correlation coeff icient between beam halves is nearly zero. A physical explanation for the existence of the anticorrelation is still moot. From a microscopic modeling point of view the quantum optical emission properties of RCLEDs represent an unknown field. We propose two possible origins of the occurrence of anticorrelation. The f irst might be that the emission process within the large active area from a large-sized RCLED of 80-mm diameter can be considered as an emission process of a large array of parallel coupled individual semiconductor emitters, all supplied by the same current source. The correlation properties of only two of these coupled semiconductor emitters have been discussed, in fact, with an observation of anticorrelation between their f luctuations. 22 However, in this case the correlations for RCLEDs should be determined by a near-f ield phenomenon between f luctuations of spatially adjacent emission areas and should not result in angle dependence in the far field, as observed. The second possible explanation is related to the fact that in RCLEDs the angular emission characteristics are always connected to an angular wavelength dependence (as shown in Fig. 1 ), which is a reminiscence of the resonator cavity structure, i.e., a high-ref lectivity Fabry -Perot type that is detuned with respect to the gain maximum of the quantum wells and that explains the observed wavelength dependence of Fig. 1 . 18, 19, 23 The existence of anticorrelation between the spectral main lasing mode and longitudinal side modes in edge emitters and their importance for low noise or amplitude squeezed emission has already been demonstrated. 11, 24 It is therefore obvious that for RCLEDs the spectral anticorrelation between spectral components of the emission spectrum is transformed into an anticorrelation between the intensity noise emitted into different emission cones. Further investigations are necessary to clarify the physical origin of the anticorrelation in detail.
In conclusion, we have presented an angularresolved analysis of the noise behavior of a resonant-cavity light-emitting diode. We found greater noise by measuring the noise of selected emission angles than we found in spatially integrated noise. This result is attributed to an anticorrelation between central and peripheral beams. Thus we have demonstrated that anticorrelated photon beams can be generated with the optoelectronic device of a RCLED, with far-reaching implications for the use of these correlated beams in image-related quantum optics applications, even though the efficiency of the device has to be improved. A more-detailed identif ication of the physical origin of anticorrelation remains a task for future investigations.
